INTRODUCTION
Interleukin (IL)-12 is a proinflammatory cytokine, which stimulates T cells to secret T helper cell type 1 (Th1) cytokines including interferon-␥ (IFN-␥), tumor necrosis factor ␣ (TNF-␣), macrophage-colony stimulating factor (M-CSF), granulocyte M-CSF, IL-2, IL-3, and IL-8 [1] . Macrophages are a major source of IL-12 and can be stimulated to secrete IL-12 by a variety of microorganisms or microbial products including lipopolysaccharide (LPS) from the cell walls of gram-negative bacteria, lipotichoic acid from gram-positive bacteria, and zymosan from yeast. Overproduction of IL-12 has been implicated in the pathophysiology of several Th1 cell-mediated autoimmune and inflammatory diseases including multiple sclerosis, diabetes mellitus, colitis, rheumatoid arthritis, septic shock, and atherosclerosis [2] [3] [4] [5] [6] [7] [8] [9] . IL-12 deficiency may promote Th2 cell-mediated pathology, contributing to asthma, tuberculosis, human immunodeficiency virus, and tumor growth [10 -12] .
IL-12 is a 70-kDa heterodimeric protein composed of p35 and p40 subunits. The p40 subunit is produced primarily by macrophages and is highly inducible, and the p35 subunit is constitutively expressed in many cell types. The p70 heterodimer binds the IL-12 receptor and stimulates T cells. However, the p40 subunit can form a heterodimer with p19 to form IL-23, which has functions that overlap with IL-12 [13] [14] [15] [16] .
The control of IL-12 secretion is complex and can be influenced by ligation of several receptors including the Fc receptor for immunoglobulin G (IgG; Fc␥R) and complement and scavenger receptors. Costimulation of macrophages with ligands for these receptors and LPS causes a substantial decrease in IL-12 secretion [17] [18] [19] [20] [21] . Ma and co-workers [22] have shown that Fc␥R ligation causes a decrease in LPS-stimulated IL-12 message, indicating that this effect is at the level of transcription. Berger et al. [17] demonstrated that in monocytes, ligation of Fc␥R with immune complexes inhibits LPS-stimulated IL-12 secretion by a combination of augmented IL-10, TNF, and prostaglandin production. However, activation of Fc␥R in macrophages from IL-10 null mice also inhibits LPS-stimulated IL-12 secretion, suggesting that the Fc␥R effect can be independent of increased IL-10 production [18] . Finally, Fc␥R ligation was able to sufficiently inhibit the proinflammatory effects of LPS to improve survival in mice with endotoxemia [18] .
How Fc␥R signaling influences LPS-stimulated cytokine secretion by macrophages is not fully known. As protein kinase C (PKC) is activated by Fc␥R ligation and is involved in the signaling for phagocytosis, respiratory burst, and secretion of some cytokines [23] [24] [25] [26] [27] , it is reasonable to postulate that PKC may also be involved in regulating LPS-stimulated secretion of IL-12. Indeed, it has been shown that PKC inhibitors reduce IL-12p40 secretion stimulated by adrenergic receptor agonists in macrophages, and PKC-ε is necessary for LPS-stimulated IL-12 secretion in dendritic cells (DC) [28, 29] . These studies suggest a positive role for PKC activation in IL-12 secretion.
PKC is a family of serine/threonine kinases with at least 11 different isoforms, which are classified into three subgroups dependent on the cofactors required for activation. The classic ϩϩ -independent but still require diacylglycerol for activation, and activation of the atypical group /, , and does not require Ca ϩϩ or diacylglycerol. The present study examined the role of three PKC isoforms, which we have previously shown to be activated by Fc␥R ligation in macrophages [23, 25] in LPS-stimulated IL-12p40 secretion. The results show that PKC-ε is required for LPSstimulated IL-12p40 secretion by peritoneal macrophages. In addition, down-regulation of PKC-␦ increased LPS-stimulated IL-12p40 secretion and prevented the effects of the Fc␥R, suggesting that PKC-␦ has a negative effect on IL-12p40 and may mediate the inhibitory effects of the Fc␥R on IL-12p40 production.
MATERIALS AND METHODS

Macrophage isolation
Elicited peritoneal macrophages were obtained from male Swiss Webster or C57BL/6 mice 2 or 3 days after an intraperitoneal injection of 2 ml 3% thioglycolate. Macrophages from these strains gave similar results. Cells were washed three times and were resuspended in RPMI media (Cellgro/Mediatech Inc., Herndon, VA) supplemented with 10% bovine calf serum, L-glutamine, sodium pyruvate, nonessential amino acids, and antibiotics. Cells were added to 48-well tissue-culture plates at 5 ϫ 10 5 cells per well. Nonadherent cells were removed by washing after incubation for 2 h, and the resulting monolayers were 95% macrophages by histological morphology.
Protocol
Macrophages were stimulated with LPS (100 ng/ml, Escherichia coli 0111:B4) for 24 h, and the media were stored at -80°C until assayed for cytokine levels. Macrophages were incubated with PKC inhibitors (Biomol, Plymouth Meeting, PA) for 30 min prior to stimulation with LPS. Ligation of Fc␥R was induced with IgG-coated glass beads (BIgG), which were prepared by coating glass beads (2 um diameter) with poly-l-lysine, albumin, and antialbumin IgG as described previously [30] . BIgG were added at the same time as LPS or 1, 3, or 6 h after LPS stimulation. For PKC activation with phorbol 12-myristate 13-acetate (PMA), macrophages were simultaneously stimulated with PMA (5 or 50 ng/ml) and LPS for 24 h. In some experiments, PMA (5 ng/ml) was given 1, 3, or 6 h after LPS stimulation.
PKC depletion with PMA
Macrophages were incubated with PMA (5 or 50 ng/ml) for 24 h, washed, and stimulated with LPS (100 ng/ml) for an additional 24 h, after which the cells were lysed in radio immunoprecipitation assay (RIPA) buffer [50 mM Tris, 150 mM NaCl, 12.7 mM deoxycholic acid, 10 mM Na-pyrophosphate, 25 mM Na-B-glycerophosphate, 1 mM Na orthovanadate, 0.1% sodium dodecyl sulfate (SDS), 0.1% Triton, and protease inhibitors]. Cell lysates were sonicated briefly, and proteins were resolved using 10% SDS-polyacrylamide gel electrophoresis, and loading was normalized for protein. Separated proteins were transferred to nitrocellulose for Western blot analysis. Monoclonal antibodies to PKC-␣ and -␦ were obtained from Transduction Labs (San Diego, CA). Polyclonal antibodies against PKC-␤ and -ε were obtained from Santa Cruz Biotechnology Inc. (CA). Secondary antibody goat anti-rabbit horseradish peroxidase (HRP) was obtained from Santa Cruz Biotechnology Inc., and secondary antibody rabbit anti-mouse HRP was obtained from Jackson Labs (Bar Harbor, ME). Antibody was detected with Supersignal enhanced chemiluminescence reagent (Pierce, Rockford, IL) and quantified by densitometry.
Preparation of membrane fractions
Macrophages were stimulated with LPS or LPS and BIgG for 5, 15, 30, or 60 min. Membrane fractions were prepared essentially as described previously [31] . Briefly, cells were washed with phosphate-buffered saline, scraped off the plates in lysis buffer containing 25 mM Tris-HCl (pH 7.4), 2.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 2.5 mM dithiothreitol, 2 mM Na 3 VO 4 , 4 ug/mL leupeptin, 30 ug/mL phenylmethanesulfonyl fluoride, and 250 mM sucrose, and lysed by sonication. Cell lysates were centrifuged at 1000 g (10 min) to remove intact cells and nuclei. The supernatant was centrifuged at 100,000 g (1 h, 4°C). The supernatant containing the cytosol was removed and saved; the pellet (membrane fraction) was dissolved in RIPA buffer.
Down-regulation of PKC with antisense oligonucleotides
Macrophages were treated with deoxyoligonucleotides for 24 h prior to stimulation. Deoxyoligonucleotides were complexed with Oligofectamine (Qiagen, Valencia, CA) according to the manufacturer's instructions. Antisense sequences for PKC-␣ (CAGCCATGGTTCCCCCCAAC), PKC-␦ (TCAGGCCCT-GCAGGATCTCA), and PKC-ε (GCCAGCTCGATCTTGCGCCC) and scrambled sequences for PKC-␣ (CCAGTCACTCGCACCATCGC), PKC␦ (TCCAG-GTCAACGCGGCATTC), and PKC-ε (GTCCATGCGACGTCCGCTGC) were synthesized by Sigma Genosys (The Woodlands, TX) and phosphorothioated on the first two and last two linkages to prevent degradation. Deoxyoligonucleotides were added to cells at a final concentration of 800 nM per 1 million cells. Levels of PKC protein expression were determined via Western blot.
Cytokine assay
Levels of IL-12p40 and TNF-␣ in media were determined using OptEIA enzyme-linked immunosorbent assay (ELISA) sets from BD PharMingen (San Diego, CA). Recombinant murine IL-12p40 and TNF-␣ were used for standards.
RESULTS
Fc␥R ligation and activation of PKC with PMA have similar effects on LPS-stimulated IL-12p40 secretion by macrophages
Although normally not included in the signaling pathways for Toll-like receptors (TLR), PKC has been implicated in the regulation of LPS-stimulated secretion of IL-12 [3, 28, 32, 33] . Fc␥R ligation, which we have to shown activate PKC, inhibits LPS-stimulated IL-12p40 secretion in macrophages [17-20, 22, 34] . To investigate the effects of PKC activation on IL12p40 secretion, we combined LPS stimulation with Fc␥R ligation or PMA (a nonspecific PKC activator). Ligation of Fc␥R with BIgG at the same time as LPS stimulation caused a dose-dependent inhibition of IL-12p40 secretion. Control beads coated with bovine serum albumin alone (BBSA) did not alter LPS-stimulated IL-12p40 secretion (Fig. 1A) . Neither unstimulated macrophages nor macrophages incubated with BIgG alone secreted detectable levels of IL-12p40 (data not shown).
Treatment of macrophages with PMA at the same time as LPS mimicked the effect of Fc␥R ligation. Indeed, the magnitude of change in IL-12p40 secretion caused by PMA was similar to that caused by Fc␥R ligation (Fig. 1B) . This observation is consistent with the hypothesis that Fc␥R and PMA are activating a similar signaling pathway. To determine if the effects of Fc␥R ligation and PMA were specific to IL-12p40, we measured TNF-␣ production. Under identical conditions, BIgG or PMA treatment did not inhibit TNF-␣ secretion (Fig.  2, A and B) .
Fc␥R ligation alters LPS-stimulated activation of PKC
We have previously demonstrated that Fc␥R ligation translocates PKC-␣, -␦, and -ε to membranes in RAW 264.7 cells [23] . These are the primary PKC isoforms expressed in RAW 264.7 cells. Treatment of mouse peritoneal macrophages with PMA (50 ng/ml for10 min) elicited membrane translocation of PKC-␣, -␦, and -ε (Fig. 3A) . LPS stimulation caused a timedependent membrane translocation of PKC-␣, -␦, and -ε, which peaked at 15 min (Fig. 3B) . Membrane localization of PKC had returned to baseline levels by 3 h after LPS stimulation (data not shown). PKC membrane localization was measured at 15 min after LPS stimulation in subsequent experiments.
It is important that when Fc␥R ligation was combined with LPS, the membrane localization of PKC-␣ and -␦ was augmented, and the membrane localization of PKC-ε was decreased (Fig. 3, C and D ). These data demonstrate that Fc␥R ligation alters LPS-stimulated PKC activation and taken together with the effects of PMA, support a role for PKC in the Fc␥R-mediated inhibition of IL-12p40 production.
PKC depletion augments LPS-stimulated IL-12p40 secretion
Prolonged treatment with PMA is known to deplete diacylglycerol-sensitive PKC isoforms by proteolytic degradation, which follows activation. PMA was used here to determine the role of PKC in the signaling pathway for LPS-stimulated IL-12p40 secretion, as has been done for other signaling pathways [35, 36] . Incubation of macrophages with 5 or 50 ng/ml PMA for 24 h caused a dose-dependent loss of PKC-␣ and -␦ protein, and the levels of PKC-ε were less affected (Fig. 4, A and B) . The blots in Figure 4A were overdeveloped to improve detection of any remaining protein in cells treated with PMA. Loss of PKC-␣ and PKC-␦ correlated with an increase in IL-12p40 secretion of 2.7-and 4.5-fold for the 5 and 50 ng/ml doses of PMA, respectively (Fig. 4C) . These results suggest that PKC-␣ and/or PKC -␦ have a negative effect on LPS-stimulated IL12p40 secretion. This is also consistent with the observation that Fc␥R-mediated activation of PKC-␣ and -␦ inhibited IL-12 secretion.
Selective depletion of PKC with antisense oligonucleotides alters LPS-stimulated cytokine secretion
As prolonged PMA treatment may globally affect cell function, we used antisense oligonucleotides to selectively down-regulate PKC-␣, -␦, and -ε. This treatment blocked protein expression of the targeted isoforms, and there was no effect on the levels of the other PKC isoforms (Fig. 5A) . Scrambled sequences were ineffective. Antisense down-regulated cells were tested for LPS-stimulated secretion of IL-12p40 or TNF-␣. Loss of PKC-␣ had no effect on IL-12p40 or TNF-␣ secretion (Fig. 5B) . However, down-regulation of PKC-␦ augmented LPS-stimulated IL-12p40 secretion twofold and decreased TNF-␣ production (Fig. 5C ). As this result implicated PKC-␦ in the inhibition of LPS-stimulated IL-12p40 secretion, and Fc␥R ligation activates PKC-␦, we determined if the loss of PKC-␦ impacted the effects of Fc␥R-mediated signaling on LPS-stimulated IL-12p40 secretion. Indeed, Fc␥R ligation significantly suppressed IL-12p40 secretion in control macrophages but not in PKC-␦ down-regulated cells (Fig. 5D ). Similar results were seen when PMA was used to activate PKC (Fig. 5D) .
In contrast to the effects seen with PKC-␦, down-regulation of PKC-ε with antisense oligonucleotides completely blocked the LPS-stimulated secretion of IL-12p40 and TNF-␣ (Fig.  5E ). This is consistent with previous work and shows that PKC-ε is required for the secretion of these cytokines [24, 28] . The role of PKC-ε in the inhibitory effect of Fc␥R ligation or Fig. 1 . Ligation of Fc␥R and PMA has similar effects on LPS-stimulated secretion of IL-12p40 by macrophages, which (A) were stimulated with LPS (100 ng/ml) plus BIgG (0, 1, 3, or 10 beads per macrophage). BBSA served as the control. (B) Macrophages were stimulated with LPS (100 ng/ml) plus PMA (0, 5, or 50 ng/ml). For both experiments, the media were collected after 24 h, and IL-12p40 levels were determined by ELISA. Results are the mean Ϯ SEM of four experiments. Fig. 2 . Ligation of Fc␥R and PMA has little effect on LPS-stimulated TNF-␣ secretion. (A) Macrophages were stimulated with LPS (100 ng/ml) plus BIgG (10 beads per macrophage). BBSA served as the control. (B) Macrophages were stimulated with LPS (100 ng/ml) plus PMA (50 ng/ml). For both experiments, the media were collected after 24 h, and TNF-␣ levels were determined by ELISA. Results are the mean Ϯ SEM of four experiments.
PMA could not be determined, as IL-12p40 production could not be detected in macrophages with antisense, down-regulated PKC-ε. These results suggest that PKC-ε is a positive regulator of IL-12 and that PKC-␦ negatively regulates IL-12 in response to stimulation with LPS and ligation of Fc␥R. This represents an interesting paradigm, where two novel isoforms of PKC have opposing roles in the regulation of an important cytokine.
Several studies have shown that PKC can have effects on cell function, which are independent of kinase activity [37, 38] . To determine if PKC-␦ or PKC-ε kinase activity is required for its role in the control of LPS-stimulated IL-12p40 secretion, the PKC inhibitors GF109203X and Rottlerin were studied. GF109203X, an adenosine 5Ј-triphosphate-binding site inhibitor, which inhibits classic and the novel isoforms, including PKC-ε at 30 uM [31, 35, 39] , caused a profound inhibition of LPS-stimulated IL-12p40 secretion (Fig. 6A) . This verifies that PKC activity is required for the secretion of IL-12p40.
Rottlerin, an inhibitor of PKC-␦, had effects similar to that of depletion of this isoform with antisense by augmenting LPSstimulated IL-12p40 secretion and preventing the inhibitory effects of the Fc␥R ligation (Fig. 6, B and C) . Thus, the pharmacological studies are consistent with the molecular depletion studies and support a model in which the Fc␥R-dependent inhibition of LPS-induced IL-12p40 secretion is mediated by PKC-␦, and LPS-mediated signaling for IL-12 secretion is dependent on PKC-ε activity.
DISCUSSION
PKC is a family of multifunctional serine/threonine kinases involved with the regulation of a number of macrophage functions including phagocytosis, respiratory burst, and secretion of certain cytokines. Our studies and those of others have shown that different PKC isoforms are involved with Fc␥R-mediated phagocytosis of IgG-opsonized targets, respiratory burst, and TNF-␣ secretion. PKC-ε is required for Fc␥R-mediated phagocytosis and LPS-stimulated TNF-␣ secretion, and PKC-␣ is required for the respiratory burst [23] [24] [25] [26] [27] . The study presented here evaluated the role of three primary PKC isoforms expressed in murine macrophages in the LPS-stimulated secretion of IL12p40.
IL-12p40 is half of a heterodimer (IL-12p70), which can influence the development of T cells and skew the immune response toward inflammation. IL-12p40 is highly inducible in response to LPS and represents an important cytokine in the host Th1 response to infection [5-7, 40, 41] . It is important to understand the regulation of IL-12 production in the context of multiple stimuli encountered by the macrophage during the course of an infection. Under these conditions, macrophages may encounter the positive effects of bacterial products acting through TLR as well as the inhibitory effects of Fc␥R signaling if antibodies to the infecting pathogen are present.
The results of our study suggest that activation of PKC-ε is required for LPS-stimulated IL-12p40 and TNF-␣ secretion. Both cytokines were inhibited when PKC-ε was depleted with antisense and when GF109203X was used at a dose that inhibits PKC-ε (30 uM). Our results with IL-12p40 are consistent with the study by Aksoy et al. [28] using DC, which found that the general PKC inhibitor bisindolylmaleimide inhibited LPS-stimulated IL-12 secretion. In addition, it was found that inhibition of PKC-ε with specific peptide inhibitors had a similar effect. With regard to LPS-stimulated TNF-␣ secretion, our study is consistent with work done in peritoneal macrophages from PKC-ε null mice, where it was found that TNF-␣ production was reduced [24] . PKC-ε null mice were also found to be more susceptible to bacterial infection [24] . The positive effects of PKC-ε on inflammation have led to the conclusion that this PKC isoform is important in host defense [23, 24, 28, 31, 38, 39, 42] .
In contrast to the positive role of PKC-ε, we demonstrate here for the first time a negative effect of PKC-␦ activation on LPS-stimulated IL-12p40 secretion. Depletion of PKC-␦ with antisense enhanced LPS-stimulated IL-12p40 secretion. Furthermore, the inhibitory effect of Fc␥R ligation or PMA treatment on LPS-stimulated IL-12p40 secretion was prevented in PKC-␦-depleted cells and by the PKC-␦ inhibitor Rottlerin. In contrast, PKC-␦ had little effect on TNF-␣ secretion. It is interesting that PKC-␣ seems to have no role in the control of IL-12 production in response to LPS stimulation or Fc␥R ligation. Thus, signaling via different PKC isoforms in response to multiple stimuli determines the amount of IL-12 secreted by macrophages.
Previous studies about the mechanism by which the Fc␥R inhibits IL-12 have focused on changes in IL-12 transcription and IL-10 levels. Gerber and Mosser [18] found that Fc␥R ligation suppresses LPS-stimulated IL-12 mRNA levels. Studies by Ma and co-workers [22] carried this one step further and showed that Fc␥R ligation blocks the formation of a positive regulatory complex, which binds to the promoter of IL-12p40 at the Ets domain in response to LPS. This complex was found to contain several transcription factors including PU.1, IFN consensus sequence-binding protein (ICSBP), and c-Rel. Fc␥R ligation inhibited the formation of this complex by preventing the translocation of PU.1 and ICSBP to the nucleus [22] . We did not measure message, as it has already been shown that the Fc␥R effect is at the message level.
Fc␥R ligation had only a minimal effect on the levels of LPS-stimulated message for several other cytokines [18, 22] . The exception to this was an increase in IL-10 mRNA, which was associated with an increase in IL-10 secretion. IL-10 is well-known to inhibit the secretion of many inflammatory cytokines including IL-12. Indeed, Sutterwala et al. [19] found that media from macrophages stimulated with LPS plus Fc␥R ligands inhibited LPS-stimulated IL-12 secretion by fresh macrophages, showing that enough IL-10 is produced to inhibit IL-12 secretion. It was also shown that neutralizing secreted IL-10 with antibodies results in increased IL-12 secretion by macrophages. However, a different approach demonstrated that the Fc␥R effect could be independent of the increase in IL-10, as IL-12 secretion by macrophages from IL-10 null mice was equally inhibited by Fc␥R ligation [18] . Therefore, an increase in IL-10 levels caused by Fc␥R ligation may contribute to the inhibition of IL-12 secretion but is not required for the effect.
We have previously shown that ligation of Fc␥R on macrophages activates PKC-␣, -␦, and -ε based on translocation to membranes [23] . PKC-␣ and -␦ moved to the plasma membrane, and PKC-ε moved to the forming phagocytic vacuole. The involvement of PKC-ε activation in phagocytosis may explain why we observed a decrease in PKC-ε in our membrane fraction, which did not contain the BIgG and their associated membrane. This may represent a functional separation of the PKC isoforms. PKC-ε may be involved in phagocytosis and the secretion of IL-12 p40. LPS stimulation may activate PKC-ε for IL-12p40 secretion by causing its translocation to the plasma membrane. However, when this is associated with Fc␥R ligation, PKC-ε moves to the phagosome, and its positive role in the secretion of IL-12 is lost. In addition, the negative effects of PKC-␦ on LPS-stimulated IL-12p40 secretion are no longer opposed by PKC-ε, and the production of this cytokine is greatly reduced.
The present study has implicated PKC as an important factor in determining the amount of IL-12p40 secreted by macrophages activated with LPS. It also shows that individual PKC isoforms may have differential effects on cytokine secretion. Our results verify that PKC-ε has a positive effect [28] but extend previous work by showing that PKC-␦ has a negative effect in the regulation of LPS-stimulated IL-12p40 secretion by murine macrophages. These findings suggest that PKC-␦ and PKC-ε may be good targets for the development of therapies to treat immune diseases. Studies are underway to determine the downstream signaling effects of individual PKC isoforms on IL-12 secretion.
